Sepsis triggered by endotoxinemia may impair cardiac function. A decline in tolerance to septic shock occurs with aging. This study addressed the hypothesis that aging negatively impairs expression of gelsolin, and axerts the regulatory effects on the water channel protein aquaporin-l (AQP-l) and endotoxin-inducible nitric oxide synthase (iNOS). We explored whether the age-related gene changes are associated with the cardiac dysfunction induced by endotoxic stress exposure. Male mice at young (-3-month) and old (-12-month) ages received intraperitoneal injections of saline or lipopolysaccharide (LPS, 30mg/Kg). Cardiac performance and morphology were analyzed by echocardiography at baseline and 2 and 24 hafter injection. At the end of treatment, the animals were sacrificed, and cardiac tissues were collected for assessing expression of gelsolin, AQP-l, iNOS, and transcription-3 (STAT3). LPS administration led to a decreased contractility while increasing cardiac dimensions in both young and old mice. LPS also markedly induced expression of gelsolin in both animal groups. However, compared to young mice, old mice showed compromised induction of gelsolin and cardiac performance in response to endotoxin. Meanwhile, the LPS-exposed old animals exhibited higher levels of AQP-l, iNOS, and phosphorylated STAT3. Gelsolin-null mice had increased expression of glycosylated AQP-l and STAT3 phosphorylation as well as cardiac dysfunction. Thus, endotoxin administration induces expression of gelsolin, AQP-l and pro-inflammatory genes, such as iNOS. Our data suggest that changed expression of gelsolin, AQP-l and iNOS may contribute to dysfunction of hearts in aged subjects with septic endotoxinemia.
cardiac dysfunction in aged animals are lacking. A senescent heart is characterized by a progressive decline in contractile function with slowing of twitch contraction, altered Ca 2 + handling kinetics, and cytoskeleton remodeling (1) . Therefore, sepsisinduced myocardial dysfunction, in terms of its severity and cellular and molecular mediators, may be affected by aging.
Gelsolin is a Ca 2 + dependent actin-regulatory protein involved in the cytoplasmic actin gel-sol transformation (2) . In the heart, gelsolin, which is an actin-depolymerizing factor (3), modulates the organization, assembly, and turnover of the cardiac actin and thin filaments within the myocytes (4) . The N-terminal end of this protein has been shown to exert a pro-apoptotic effect (5) . Expression of gelsolin is frequently down-regulated in different human cancer cells that characteristically evade apoptosis (6) . Recently, Yang et al. found increased gelsolin expression in the cells of failing human hearts (7) . Furthermore, there is an age-dependent regulation of gelsolin, as reflected by the increased expression of this gene in senescent in vitro and in vivo tissue samples. This observation may suggest that gelsolin is involved in aging-related diseases (8) . We have previously shown that this gene contributes to the actin cytoskeletal collapse in the vascular smooth muscle cells with apoptosis induced by pro-inflammatory cytokines (9) . These findings suggest that gelsolin may playa role in the cardiac dysfunction that occurs with aging and under certain stressful conditions. Aquaporin-l (AQP-l) is a membrane water channel that increases the water permeability of the cell membranes and promotes water transport due to osmotic pressure across the cell walls (10) . There is evidence for the expression of the AQPs in the heart (11) , including AQP-l expression in the endothelium (12) and the cardiomyocytes (13) . Myocardial edema is associated with a significant reduction in cardiac performance in ischemia/reperfusion and cardiopulmonary bypass. In a number of clinically significant situations, including those mentioned, the endothelial AQP-l has been proposed to be primarily responsible for the movement of water out of the interstitial space and into the capillaries (14) . The involvement of the AQPs in the development of tissue edema has been also demonstrated in several noncardiac tissues, such as the brain, and avascular tissues, such as the cornea (15) . We have previously shown that the AQP-l expression is induced by proinflammatory stimuli and hyperglycemia-induced hypertonic stress in the human aortic and human umbilical vein endothelial cells (16) . These data provide a rationale for postulating a role for AQP-1 in cardiac edema triggered by endotoxic stress exposure. The significance of the cardiac AQP-1 expression is poorly understood. Furthermore, whether gelsolin and AQP-l play a contributory role during the endotoxic stress-induced myocardial dysfunction has not been investigated. In this study, we analyze the impact of aging on the cardiac expression of gelsolin and AQP-l as well as the expression of certain inflammatory target genes, e.g., iNOS and signal transducers and activators of transcription 3 (STAT3) under endotoxic stress. We also analyze the gene expression levels associated with the myocardial dysfunction induced by endotoxic stress exposure. Our results show a high level of constitutive gene expression for gelsolin in the hearts ofthe senescent mice at baseline compared to that found in the hearts ofthe young mice, and the induction of gene expression for gelsolin, AQP-l, iNOS, and STAT3 during endotoxic stress. This gene modulation parallels a reduction in the expression of the total cardiac actin and the development of endotoxic stress-induced myocardial dysfunction.
MATERIALS AND METHODS
All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA), unless otherwise specified. The aquaporin-l (AQP-I) inhibitor dimetylsulfoxide (DMSO) (17) was from Sigma.
All studies were performed with the approval of the Institutional Ethics Committee for animal research. Experiments were carried out on young (3 months old) and senescent (24 months old) male C57BLl6 mice or gelsolin-deficient (GSKO) mice (Charles River Laboratories, Margate, Kent, UK). Within each type of mouse, the following groups of mice were analyzed sequentially, with mice in each group selected at random, in order to have a minimum of three replicates for each single point ofeach time-response curve: (1) saline-treated young animals (n=3) sacrificed at 2 h after injection; (2) saline-treated young animals (n=3) sacrificed at 24 h after injection; (3) LPS-treated young animals (n=3) sacrificed at 2 h after injection; (4) LPS-treated young animals (n=3) sacrificed at 24 h after injection; (5) saline-treated old animals (n=3) sacrificed at 2 h after injection; (6) saline-treated old animals (n=3) sacrificed at 24 h after injection; (7) LPS-treated old animals (n=3) sacrificed at 2 h after injection; (8) LPS-treated old animals (n=3) sacrificed at 24 h after injection. Sterile saline (0.1 mL) or LPS (serotype 0127:B8, Sigma at a dose of 30 mg/ Kg in 0.1 mL) was injected intraperitoneally. Before and after injection, animals underwent echocardiography, then they were sacrificed at the indicated time intervals by cervical dislocation, and the hearts were quickly removed, wet weighed, frozen on dry ice and stored at _80°C until subsequent analysis.
Cell cultures
Human cardiac myoblasts were isolated from atrial biopsy of unidentified donor patients undergoing cardiac surgery, by collagenase digestion. Cells were cultured for up to 4 passages in Iscove's medium supplemented with 10% embryonic stem cell-qualified fetal bovine serum (FBS) (StemCell Technologies, Vancouver, British Columbia, Canada), 2 mM L-glutamine, 100IU/mL penicillin, and 0.1 mg/mL streptomycin. At subconfluence (70-80%), cells were synchronized to be in the same cell cycle phase by starvation in Iscove's medium supplemented with 2% FBS for 12 hours, then incubated with l-lOOI-lg/mL LPS for 24 hours. In parallel experiments, subconfluent human aortic endothelial cells (HAEC) (purchased from Clonetics, Baltimore, MD) at passage 3 were also synchronized to be in the same cell cycle phase by starvation in Endothelial Basal Medium (EBM, Clonetics) containing 2% fetal calf serum (FCS) for 24 hours, then incubated with lug/nil, LPS for shortterm (1 day) or long-term (3 days) experiments, in the presence or absence of 1% DMSO. Cell viability after treatments was assessed by cell morphology and cell count at phase-contrast microscopy, Trypan blue exclusion and total protein content.
Murine echocardiography
Mice were anesthetized with ketamine (100mg/Kg) and placed in supine position. Two-dimensional and M-mode echocardiography images were recorded and analyzed by a Vevo 770 echocardiograph equipped with a 40 MHz ultrasonic linear probe (Visual Sonics, Toronto, Ontario Canada). Two-dimensional transverse left ventricular (LV) imaging was used to position the probe just distal to the mitral valve leaflets, and M-mode images were then captured in short axis and long axis. Three loops of M-mode data were captured and stored on digital disk until analysis. Each ofthese captured image loops provided 5 to 12 heart cycles; data were then averaged from at least 5 cycles per loop. LV systolic (LVISs) and diastolic 
Immunoblotting
Hearts were homogenized in ice-cold radio-immuno precipitation assay (RIPA) buffer and immediately centrifuged at 12,000 rpm for 20 min at 4°C. Supernatants were removed and protein concentration determined using Bio-Rad Protein Assay. Samples were stored in aliquots at -80°C for subsequent western blot analysis and nitric oxide measurement. For Western analysis, proteins were separated under reducing conditions and electroblotted to polyvinylidene fluoride (PVDF) membranes (Immobilon-P, Millipore, Bedford, MA, USA). After blocking, the membranes were incubated overnight at 4°C with the following primary antibodies: (1) Gelsolin (Santa Cruz Biotechnologies, Santa Cruz, CA), (2) AQP-l (Santa Cruz), (3) inducible nitric oxide synthase (Becton Dickinson, NJ), (4) total actin (Santa Cruz), (5) phosphorylated STAT3 (Cell Signaling, Danvers MA); (6) total STAT3 (Cell Signaling); (7) cardiac actin (Sigma). Equal loading/equal protein transfers were verified by stripping and reprobing each blot with an anti-GAPDH antibody (Abeam).
Nitric oxide production
The nitric oxide (NO) content in the left ventricles and blood serum was determined as the NO/N0 2 end-oxidation products (nitrate and nitrite). The NO measurement was performed using the Griess reagent (Promega, Madison, WI). Briefly, the nitrate present in samples was stechiometrically reduced to nitrite in the presence of reduced nicotinamide adenine dinucleotide and nitrate reductase for 15 min at room temperature. Total nitrite was mixed with sulfanilamide and N-(l-naphtyl) ethylenediamine dihydrochloride at room temperature for 10 min to generate a red-violet diazo dye that was measured on the basis of its absorbance at 550 nm. The nitrite concentration was determined from a standard curve generated using potassium nitrite. Results were nonnalized for protein concentration.
Statistical analyses
All results are presented as means ± S.D. Differences between control (saline injected mice) and LPS groups were made using an unpaired student's t test or, when more than two groups were compared, an analysis of variance (ANOVA) and the Fisher's post hoc test. For all tests, statistical significance was set at p <0.05. Statistical analyses were carried out with the SPSS 15.0 version software (Chicago. IL).
RESULTS

Global impacts ofLPS administration
Mice under the same chow diet and sex-matched were enrolled in this study. At baseline, there was no significant difference in body weight between the young (21±0.5 g) and old (24±1.2 g) mice. exposed with or without LPS. The short-term LPS exposure for 2 h did not cause any significant changes in body weight. However, a marked change in the body weight was observed in response to the 24-h exposure to LPS in each age group. In the senescent mice, LPS induced a body weight loss greater than that observed in the young mice (18±0.2 and 19±OA in young and senescent mice, respectively). Moreover, 24 h after injection, the heart weight in the senescent mice was increased by 45±13% (p<0.05). By contract, the young mice gained weight only by 23±8%, p<0.05 vs control group 24 h after injection. Approximately 10% of the old mice died within 24 h after LPS injection, whereas no death occurred in young mice during the same period of time.
Impact ofLPS administration on cardiac function
Echocardiography was conducted to evaluate the heart function ofyoung and old mice before and after LPS treatment. endotoxin injection in the young (3-month-old) vs old (24-month-old) C57BL/6 mice. As shown in Fig. 2A , in the old C57BL/6 mice, the protein levels of the cytoplasmic non-secreted isoform of gelsolin (@ 90 kDa) were found to be higher at baseline compared to the young mice. However, in the old C57BL/6 mice, the protein levels ofAQP-I were found lower at baseline compared to those observed in the young mice (Table I) . Western blot analysis demonstrated the AQP-I expression as a 28-kDa non-glycosylated band and a diffuse 40-kDa glycosylated band in the heart. At baseline, the gelsolin-deficient mice showed the highest expression of AQP-I compared with the wild-type C57BL/6 mice. This was true in both the old and the young groups (Table I) . As shown in Fig. 3 , in the young mice, there was a significant difference in in the systolic and diastolic dimensions in the hearts of mice treated with LPS. A significant increase in the luminal LV dimensions was found in senescent animals with LVIDd increased by 77±18% (p<0.05 vs control group) 24 h after injection. The young mice also showed increased systole and diastole LVIDd at much lower levels but this occurred at a much lower level (by 30±12%, p<0.05 vs control group, 24 h after injection). The cardiac performance indicators (FS%) and the ascending aortic flow velocity (VTI) are shown in Fig. I 
LPS impact on expression of gelsolin, AQP-l and actin proteins in old and young mice
Our in vivo data show that myocardial dysfunction is strongly induced during endotoxic stress exposure, mostly in the old mice. The changes in the cytoskeleton organization induced by local or systemic inflammation may have a central role in increasing the cardiomyocyte vulnerability to the pro-apoptotic insults. Additionally, the myocardial edema, with expansion of both interstitial and cellular compartments, may be associated with a significant reduction in the cardiac performance during endotoxic stress exposure. Gelsolin is a regulatory gene ofthe cytoskeleton organization with a pro-apoptotic effect in the cardiovascular cells (5, 9) . AQP-I is a membrane channel with an important role in the regulation of the water permeability of the cell membranes. There were no data demonstrating an association of gelsolin or AQP-I expression to cardiac dysfunction during endotoxin stress or LPS exposure and in respect to age. Thus, we examined whether gelsolin and AQP-I gene expressions were altered by aging and endotoxin-stress, by comparing their protein expression level in the hearts after the the left ventricular function between the wild-type C57BLl6 and the gelsolin-deficient mice at baseline. The cardiac dysfunction induced by aging was not attenuated by the lack of gelsolin, as demonstrated by the seemingly invariable FS% and aortic VTI shared by the old gelsolin-deficient and wild-type mice.
The expression patterns of gelsolin ( Fig. 2A ) and AQP-I (Table I) paralleled the decreased expression oftotal actin (Fig. 2B) in old mice. The densitometric analysis further demonstrated that expression of gelsolin and cardiac actin occurred in an opposite manner with the gelsolin levels found 2-fold higher in old mice and the total cardiac actin found 2.8fold lower in old mice at baseline compared to young mice (p<0.05 old compared with young mice) (Fig. 2) . The LPS injection was associated with the decreased expression of total actin, especially in the old mice (Fig. 2B ). In the human cardiac myoblasts and HAEC in culture, the exposure to 1-100 ug/ml, LPS significantly decreased the levels of cardiac actin and beta-actin in a concentration-and timedependent manner. The addition of 2% dimethyl sulfoxide (DMSO), an AQP-I inhibitor, reversed the LPS-mediated suppression of cardiac actin in the human cardiac myoblasts. In the mice with LPS injection, interestingly, there were 3-fold and 5-fold increases in the myocardial content of gelsolin ( Fig.  2A) and AQP-I proteins (Fig. 4) , respectively, 24 h after the injection in both the young and aged mice compared with their respective controls (baseline). Again, the gelsolin-deficient mice showed the highest levels of LPS-induced AQP-l expression compared to wild-type C57BL/6 mice ( Fig. 4) . With respect to age, LPS was associated with a 1.7-fold decrease in the gelsolin expression in the young mice compared to old mice at 24 h ( Fig. 2A) .
LPS-induced phosphorylation of STAT3 in young and old mice
We further examined whether the cardiovascular gene expression and the inflammatory response were altered by aging. This was accomplished by comparing the endotoxin-mediated modulation of proteins for iNOS and its regulatory transcription factor STAT3 in the hearts of the young vs the aged C57BL/6 mice.
Although the activation of the STAT signaling pathway has been associated with LPS stimulation (18) , there were no data demonstrating a direct association of this pathway with LPS stimulation in the heart during endotoxin stress exposure and with respect to age. Thus, we examined whether LPS activates the STAT3 pathway in the heart 800 ** of the young and the aged mice. Fig. 5A shows that phosphorylation of STAT3 at Tyr 706 created 2 isoforms of different molecular weight (STAT3a 86 kDa and STAT3~79 kDa) with different kinetics of expression. In the old mice, the pSTAT3a was detected at the maximal level of expression after 2 h of LPS exposure and subsequently decreased after 24 h, while pSTAT3~reached a maximum after 24 h. In the young mice, both isoforms were detected at the maximal level of expression after 2 h of LPS exposure and subsequently declined after 24 h of treatment. With respect to age, LPS was associated with more than a 2-fold increase in p-STAT3a and in the old mice compared to the young mice. The densitometric analysis further demonstrated increased time-dependent phosphorylation of STAT3a (p<0.05) during the 24-h exposure to LPS in the old and young mice, respectively. The total STAT3 protein levels remained constant during the 24-h stimulation. These results demonstrate that the endotoxin stress activates the STAT3 signaling pathway in the adult mouse heart with a different impact and kinetics in respect to the age.
LPS induction ofiNOS in young and old mice
Expression of iNOS characterizes inflammatory responses triggered by bacterial products, such as endotoxin or LPS. Fig. 5B shows the timedependent increase in the iNOS protein (~130 kDa) expression in response to LPS in the old and young mouse hearts. The iNOS protein was detectable at baseline at higher levels in the old mice compared to the young mice and increased after 2 hand 24 h of exposure to LPS in the young mice and in the old mice, respectively. The densitometric analysis, which represents combined data from 3 mice per group, shows that the iNOS protein expression level in the LPS-treated mice was increased 3-and 2-fold in the old and young mice, respectively, compared to the time controls after 24 h. Thus, these results suggest that the endotoxin stress induces the expression of the iNOS protein in the old and young mice with similar time course peaking in both after 24 h of exposure.
To verify the effect of the endotoxin stress on the iNOS gene expression, we examined the accumulation ofNOx/N02' a stable NO end-product reflecting NOS activities, in the heart. Under baseline conditions without LPS stimulation, the old mice generated NOx/N02 at higher rates than young mice (Fig. 6 ). Stimulation with LPS increased NO/ N0 2 production, markedly and in a similar fashion, in the old mice and young mice compared to their respective controls. Thus, LPS was associated with a 2-fold increase in the myocardial NO/NO z in the old mice compared to the young mice.
DISCUSSION
Heart failure or severe myocardial dysfunction is one of the most recognized organ dysfunctions during sepsis, which predominantly affects older persons. The endotoxic stress indirectly reduced myocardial contractility, which was paralleled by the decrease in the cytoskeletal protein actin and the induction of gelsolin and the inflammatory proteins, such as iNOS and STAT3. The amplitude of these effects was much higher in the old mice compared to the young mice. These changes were accompanied by an increase in the AQP-l protein levels after the LPS injection.
Under the current experimental conditions, the major contractile depression recorded following the LPS treatment in the old mice resulted primarily from the reduced performance in basal conditions and secondarily from a larger effect of endotoxemia and/ or from a decreased rate ofclearance ofendotoxins in the older animals. The presence of different indices of contractility in the basal conditions between the two groups is in accordance with previous studies (19) . In our study, the age-dependent vulnerability of the heart to endotoxemia can be explained by an altered inflammatory response to stress (20) , including the induction of vascular permeability due to an up-regulation ofAQP-l, the induction of iNOS and NO production, and an increased vulnerability to pro-apoptotic insults. The latter cause is in part due to the overexpression of gelsolin (9) . iNOS exerts its activity through two known signaling pathways, which are described as follows: i) the activation of the transcription factor STAT3 via the Janus tyrosine kinases and ii) the activation ofthe mitogen-activated protein kinase by the transcription factor NFKB via Ras. The relative expressions of STAT3 isoforms appear to reflect their biological function (depending on cell type), ligand exposure and maturation stage of the cells (21) . To date, 3 distinct isoforms of STAT3 have been described in the literature, all derived from a single gene. STAT3~, an alternatively spliced form of STAT3a, lacks the c-termina155 amino acids (22) . In addition, a 72 kDa STAT3yprotein was described that is also truncated at its c-terminus and is derived from STAT3a by limited proteolysis (23) . STAT3ĩ s functionally distinct from STAT3a and behaves as a dominant negative repressor through negative interaction with the p65 subunit of NF-kB in some cell types and in relation with the ligand exposure (23) . In contrast to STAT3a, the isoform~has been shown to work as a dominant down-regulator of the expression of iNOS and, therefore, as a terminator of prolific NO production during inflammation in the mouse mesangial cells exposed to the interleukin (IL)-l~and LPS+interferon (IFN)-y (23) . In our in vivo system of endotoxic stress and partly in accordance with these in vitro data, we observed a down-regulation of STAT3~after 24 h of exposure to LPS in the young and old mice. This change in expression was paralleled by an up-regulation of higher amplitude of iNOS in the old group. These data indicate that the prolonged induction of iNOS observed mostly in the old mice may be a consequence of the loss of STAT3~function in the counter-regulation of iNOS activation during the endotoxic stress exposure as well as the result of a dysregulation of STAT3a expression induced by aging.
Gelsolin, a multifunctional actin-binding protein widely distributed in mammalian cells, has been suggested to play a pivotal role in regulating the cardiac cytoskeleton organization, including the assembly and turnover of the cardiac actin and thin filaments within the muscle cells (4). Gelsolin regulates apoptosis (5, 9) , and numerous studies have demonstrated the enhanced expression of gelsolin in human heart failure, including dilated and ischemic cardiomyopathy (7) .
In our study, the high content of gelsolin in the hearts of the old mice at baseline may have resulted in the elevated vulnerability to apoptosis triggered by the endotoxic stress exposure during the aging process. However, this gene modulation paralleled a decreased expression of the cardiac actin, increased expression of AQP-l, and the development of myocardial dysfunction induced by the endotoxin stress.
The augmented induction of the gelsolin and other inflammatory genes may be due to an increased transcriptional rate for the genes and/or decreased rate of its mRNA degradation in the aged tissues (24) . The 5' end-flanking region ofthe gene for iNOS (24) and STAT3 (25) contains the putative binding sites for the stress-activated transcription factors such as the nuclear factor NFKB. The DNA binding activities of these nuclear factors increase with aging in the mouse heart (26) . In vivo footprinting studies of the gelsolin promoter region have shown that the transcription factors Sp I and activating transcription factor (ATF)-l and epigenetic regulation of the promoter region through histone deacetylation [trichostatin A (TSA) and apicidin] represent main transcriptional mechanisms regulating the expression of gelsolin. Similar to the nuclear factor NFKB, the regulatory activity of gelsolin-specific transcription factors and the gelsolin-specific histone deacetylase (HDAC) can be modulated by aging (27) and agerelated diseases, such as cancer (28) .
There have been studies suggesting that the expression of several inflammatory genes, such as iNOS in smooth muscle cells (24) , is regulated by the mRNA stability and that the stabilization is altered by aging and inflammatory signals (29) . It has yet to be determined whether the stability of gelsolin mRNA in the heart increases with age.
The current study has potential limitations in terms of clinical significance. Firstly, we used a mouse model of aging. Rodents differ from humans from the biological perspective, especially in terms of body weight, lifespan, and control by environmental influences (30) . Secondly, the relevance of acute endotoxemia as a model for human sepsis has been questioned.
Indeed, animal models of sepsis do not reproduce the complexity and severity of human sepsis, and often exhibit variability among animals. Also, they differ from human sepsis because of age and absence of comorbidity. Furthermore, LPS causes much earlier and higher peak levels of cytokine expression compared with levels observed in human sepsis. Other issues include that host susceptibility to pathogenic factors is species-dependent. For instance, rodents are much less sensitive to LPS than humans. Furthermore, bacterial virulence factors such as microbial toxins can accelerate sepsis. Finally, more extensive characterization of the various potential mechanisms of septic cardiac dysfunction in the old heart needs further investigation.
In conclusion, aging is associated with a decline in cardiac contractility. The expressions of gelsolin and AQP-I as well as the iNOS signaling pathway are induced in the heart during endotoxic stress exposure. These changes are paralleled by increased production ofNO after an LPS injection. We propose such modulation of the gene expression as causally associated with the elevated susceptibility in the aged subjects to the proinflammatory endotoxin stress.
